Histone acetyltransferases (HATs) and histone deacetylases (HDACs) are known to interact with several transcription factors and regulate their transcriptional activities. The human T-cell leukemia virus type 1 (HTLV-1) Tax oncoprotein activates transcription from its long terminal repeat (LTR) through interaction with cellular factors such as CREB and a transcriptional coactivator CBP/p300. However, little is known about the interaction between Tax and transcriptional repressors. Here, we demonstrate the physical and functional interaction between Tax and HDAC1. We found that HDAC1 represses the trans-activation function of Tax in 293T and MT4 cells. However, this repression was restored by treatment with an HDAC inhibitor, Trichostatin A. We also observed physical interaction between Tax and HDAC1 both in vitro and in vivo. The N-terminal region of HDAC1 (amino acid residues 28 -97) was required for this binding. Moreover, HDAC1 inhibited the synergistic trans-activation of Tax observed on ectopic expression of CBP. However, this repression was relieved by overexpression of CBP. Thus, HDAC1 is likely to compete with CBP in binding with Tax and functions as a negative regulator for the transcriptional activation by Tax.
Human T-cell leukemia virus type 1 (HTLV-1) is the causative agent of an aggressive leukemia known as adult T-cell leukemia (ATL) and a neurological disorder known as HTLV-1 associated myelopathy/ tropical spastic paraparesis (HAM/TSP). It encodes Tax, which has multiple functions such as transcriptional activation, down-regulation of viral expression as well as several cellular genes, dysregulation of the cell cycle, cell immortalization, and cell transformation (for reviews, see Uchiyama, 1997; Yoshida, 2001) . Tax is known to enhance the gene expression of HTLV-1 through target sequences in the U3 region of the viral long terminal repeat (LTR) by interacting with cellular factors such as CREB and a transcriptional coactivator CBP/p300 (Kwok et al., 1996) .
Reversible modification of core histones is considered to regulate gene expression. In general, histone acetylation is associated with nucleosomal decondensation which is required for transcriptional activation, and deacetylation of histones is associated with nucleosomal condensation leading to transcriptional repression. The acetylation and deacetylation reactions on histone molecules are catalyzed by a number of evolutionary conserved HATs and HDACs, respectively. In mammalian cells, HDAC1 and HDAC2 are found in multiprotein complexes containing mSin3A, the mammalian homologue of yeast global transcriptional repressor protein SIN3. The mSin3A/HDAC complex has been implicated as a corepressor complex utilized by a diverse collection of transcriptional repressor proteins, including SMRT, N-CoR, Mad, MeCP2 and c-Ski (reviewed in Knoepfler and Eisenman, 1999) . Moreover, HDACs are known to interact with several transcription factors such as p53, E2F1, Elk-1 and beta-Catenin and down-regulate their functions (Billin et al., 2000; Juan et al., 2000; Martinez-Balbas et al., 2000; Marzio et al., 2000; Yang et al., 2001) . However, little is known about whether HDACs regulate the transcriptional trans-acting function of Tax. Therefore, we investigated the role(s) of HDAC1 in Tax's function.
To determine whether HDAC1 represses the transcriptional trans-acting function of Tax, at first, we performed a luciferase reporter assay using a Tax responsive reporter plasmid, HTLV-1 LTR-Luc (Akagi et al., 1997) , in MT4 cells, an HTLV-1-infected human T-cell line and in 293T cells. As shown in Figure 1a , cotransfection of Tax and HDAC1 expression plasmids into 293T cells resulted in a dose-dependent repression of the trans-activation function of ectopically expressed Tax by HDAC1 (Figure 1a) . However, the repressive effect of HDAC1 on the basal level of transcription from the HTLV-1 LTR in the absence of Tax, was very weak with comparison of that observed in the presence of Tax (Figure 1b) . The expression level of Tax protein was not affected by cotransfection with HDAC1 ( Figure 1a To determine whether the negative regulation by HDAC1 proceeded via physical interaction with Tax, we performed a co-immunoprecipitation experiment. Using the lysate of 293T cells in which both Tax and HDAC1 were co-produced, Tax or HDAC1 was immunoprecipitated using the respective antibodies, and the immunoprecipitates were analysed by Western blotting (Figure 3a) . The data showed that Tax and HDAC1 were co-immunoprecipitated. To identify the Tax-binding domain on HDAC1, we performed an in vitro binding assay using in vitro translated 35 Smethionine-labeled Tax and GST-fused HDAC1 protein, expressed in E. coli with deletion mutants of (Yamaoka et al., 1996) , and/or 100 -400 ng of pcDNA3-HD1F (Brehm et al., 1998) ) using FuGENE6 transfection reagent (Roche). The total amount of DNA was equalized by adding pcDNA3 vector (Invitrogen). At 24 h posttransfection (p.t.), cells were lysed in 100 ml of reporter lysis buffer (Luciferase reagent, Promega). The lysate was subjected to luciferase assay. Luciferase activity is presented as fold-induction relative to the basal level measured in cells transfected with reporter plasmid and pcDNA3 vector. The results represent the average of three independent experiments. The expression levels of each protein are shown in the lower panel. 293T cells (2610 5 cells) were seeded in 60-mM dishes and transfected with each expression plasmids (1 mg of pH 2 R-Tax, and 1 -4 mg of pcDNA3-HD1-F) using FuGENE6 transfection reagent. Cells were harvested at 24 h p.t. and whole cell extract was prepared in Western lysis buffer (50 mM TrisHCl (pH 8.0), 150 mM NaCl, 4 mM EDTA, 1% Nonidet P-40, 0.1% SDS, 1 mM DTT and 1 mM PMSF), added to SDS -PAGE loading buffer (50 mM Tris-HCl (pH 6.8), 2% SDS, 0.1% bromophenol blue (BPB), 10% glycerol, and 5% 2-mercaptoethanol), and boiled for 5 min. Lysate was subjected to SDS -PAGE, followed by immunoblotting using anti-FLAG mAb M2 (Sigma) and anti-Tax mAb MI73. Cell culture and transfection were performed as described above. 100 nM Trichostatin A (TSA) was added at 24 h p.t. to the culture medium. At 24 h after treatment with TSA, luciferase assay was performed as mentioned in Figure 1 . The results represent the average of three independent experiments
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T Ego et al various sizes (Figure 3b ). The binding assay revealed that the GST-fused full-length HDAC1 and its deletion mutants GST-HDAC1 1 -97 and GST-HDAC1 1 -139 but not GST-HDAC1 1 -28 and GST-HDAC1 140 -482 bind to Tax (Figure 3c ). Thus, the region required for the direct Tax-binding on HDAC1 was located between amino acid residues (a.a.) 29 and 97. We prepared point-mutated Tax mutants which are known to show different degrees of response to CREB and NF-kB pathways as well as its N-terminal and the Cterminal deletion mutants, as shown in Figure 4a . A mutant Tax K88A, which has lost its CBP-binding activity (Kwok et al., 1996) , also bound to GST-HDAC1 ( Figure 3d ). As shown in Figure 4b , other point-mutated Tax Figure 4b) . Thus, the full-length structure of Tax might be essential for the binding with HDAC1. Then, we used HDAC1 deletion mutants in luciferase reporter assay in order to determine whether the mutant HDAC1 which is defect in its Tax-binding activity can repress the transcriptional trans-acting function of Tax. As shown in Figure 5b , HDAC1 DC209 could repress the trans-acting function of Tax, however, the other HDAC1 deletion mutants (DC140, DN139 and DN208) could not. From these results of reporter assay using HDAC1 deletion mutants ( Figure  5b ), we concluded that both Tax-binding domain and HDAC catalytic domain are required for the repressive effect on Tax-mediated transcriptional activation.
Furthermore, we observed that HDAC1 and CBP reciprocally regulated the transcriptional trans-acting function of Tax. HDAC1 inhibited the synergistic trans-acting function of Tax by CBP in a dosedependent manner in 293T cells (Figure 6a ). In contrast, ectopically over-expressed CBP partly relieved this repression by HDAC1 (Figure 6a ). This functional competition of the trans-acting function of Tax seems to be involved in the competition between CBP and HDAC1 in the binding to Tax.
To confirm the above possibility, we performed GST-pull down assay using the lysate of 293T cells in which both Tax and HDAC1 were ectopically overexpressed. As shown in Figure 6b , CBP-binding activity of Tax was impaired by coexpression with HDAC1, even though the expression level of Tax protein was not affected by coexpression with HDAC1 ( Figure 6b, lower panel) . Thus, HDAC1 is likely to inhibit the binding between CBP and Tax, leading to the functional competition between CBP and HDAC1. Punga and Akusja¨rvi (2000) demonstrated that the adenovirus 2 E1B-55K protein interacts with HDAC1 and suggested that E1B-55K represses the transcrip- were seeded in 100-mM dishes and transfected with 5 mg of each expression plasmid (pH 2 R-Tax and pcDNA3-HD1-F) using FuGENE6 transfection reagent. An equal amount of pcDNA3 vector was transfected into control cells. Cells were harvested at 48 h p.t. and lysed in lysis buffer (10 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1 mM EDTA, 1% Nonidet P-40, 1 mM DTT and 1 mM PMSF). The lysate was pre-cleared for 30 min with 30 ml of Protein-G-Sepharose beads (Amersham Biosciences). Aliquots were incubated with 2 mg of anti-FLAG mAb M2 (Sigma), anti-Tax mAb MI73 or mouse normal IgG at 48C for 60 min with gentle shaking. After incubation, 30 ml of a suspension of Protein-G-Sepharose beads was added to the mixture and the mixture was further incubated at 48C for 60 min. After five washes with lysis buffer, bound proteins were eluted by boiling in SDS -PAGE loading buffer. Supernatant was subjected to SDS -PAGE followed by immunoblotting using respective antibodies. (b) Schematic representation of GST-fusion HDAC1 mutant constructs used in the in vitro binding assay. To construct GST-fusion HDAC1 and its deletion mutants, DNA fragments were amplified by PCR using respective primers and prepared DNA fragments were subcloned into the BamHI/XhoI sites of the GST-expressing vector pGEX-6P-1 (Amersham Biosciences). The sequences of primers used to construct GST-fusion HDAC1 and its deletion mutants are shown below. 5'-CGGGATCCAT-GGCGCAGACG-3', 5'-CCGCTCGAGTCAGGCCAACT-3', 5'-CCGCTCGAGCTAGTGGCCTTGTCCATAATA-3', 5'-CCGC-TCGAGCTAACCAACGTTGAATCTCTG-3', 5'-CCGCTCGA-GTCACAGGCCCC-3', 5'-CGGGATCCCACCATGCAAAGA-AGTCC-3'. (c) and (d) In vitro binding assay. All recombinant GST fusion HDAC1 proteins were expressed in Escherichia coli strain BL21 (Amersham Biosciences). Expressed proteins were purified by binding to Glutathione Sepharose 4B (Amersham Biosciences). Tax and its mutants were transcribed and translated in vitro by using a T N T T7-Quick Coupled Transcription/Translation System (Promega). Briefly, 2 ml of L-35 S-Methionine (15 mCi/ml) (Amersham Biosciences) and 1 mg of pcDNA3-Tax or pcDNA3-Tax K88A (Ariumi et al., 2000) were added to rabbit reticulocyte lysate and incubated at 308C for 1 h. GST-fusion HDAC1 protein bound to Glutathione Sepharose 4B and 35 S-labeled Tax proteins were mixed and incubated at 48C for 60 min with gentle shaking in binding buffer (10 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1 mM EDTA, 1% Nonidet P-40, 1 mM DTT and 1 mM PMSF). After five washes with the binding buffer, bound proteins were eluted and separated by SDS -PAGE and detected by autoradiography
The interaction of HTLV-Tax with HDAC1 T Ego et al tional activity of p53 by recruiting HDAC1 into the promoter region. Brehm et al. (1999) showed interaction between the human papillomavirus (HPV) E7 oncoprotein and the Mi2/NuRD complex and suggested that the interaction of E7 with the NuRD complex is important for the growth-promoting potential of E7. Furthermore, human herpesvirus 8 (HHV-8) LANA protein associates with the mSin3A complex and negatively regulates the gene expression of co-infected EBV gene expression (Krithivas et al., 2000) . HHV-8 open reading frame (ORF) 50 also interacts with CBP and HDAC1, and this interaction might be associated with viral transcription and replication (Gwack et al., 2001) . Thus, viral replication might be activated by interaction of viral regulatory proteins with CBP/p300 and inhibited by interaction with HDACs. In this study, we have demonstrated that HDAC1 repressed the transcription from HTLV-1 LTR through interaction with Tax. Since Tax is known to trans-activate the transcription of many cellular genes as well as its own viral promoter through interaction with CBP, the trans-suppressive effect of Tax via HDAC1 sheds new insight into the regulatory mechanism of Tax for not only cellular genes but also its own gene in HTLV-1-infected cells. In this regard, it may be worth mentioning that HTLV-1 gene expression in lymphocytes is often silenced in vivo. Accordingly, it may be important to know whether this suppression is correlated with specific interaction of Tax with HDAC1. From these results, we speculated two models of the molecular mechanisms underlying Tax-mediated trans-activation/repression. As the first model, CBP and HDAC1 might compete with each other in binding to Tax in mutually exclusive manner and the transcriptional regulatory functions of Tax would be changed. In fact, Kihara-Negishi et al. (2001) demonstrated that PU.1, a member of the Ets family of Figure 4 Point-mutated Tax but not deletion-mutated Tax bind to GST-HDAC1. (a) Schematic representation of Tax mutant constructs used in the in vitro binding assay. To construct deletion mutated Tax, DNA fragments were amplified by PCR using respective primers and prepared DNA fragments were subcloned into the BamHI/XhoI sites of pcDNA3 vector. Sequences of primers used to construct Tax mutants are shown below. 5'-CGGGATCCATGGCCCACTTCCAGGGTTTGG-3', 5'-CCGC-TCGAGTCAACTTCTGTTTCTCGGAA-3', 5'-CCGCTCGAG-CTATACTAAAGATGGCTG-GCC-3', 5'-CCGCTCGAGCTA-CCCGAGATGGCCGGGGTG-3', 5'-CCGCTCG-AGCTAAAG-GACCTTGAGGGTCTT-3', 5'-CGGGATCCCCACCATGCTA-CAGTC-CTCCTCCTTTAT-3'. NT: not tested (b) In vitro binding assay. All wild type (WT) Tax and its mutants were transcribed in vitro and translated as mentioned above. In vitro binding assay was performed as shown in Figure 2 using GST-HDAC1 and several mutated Tax. G: GST, H: GST-fused HDAC1, I: 10% input of in vitro translated 35 S-methionine labeled Tax protein The interaction of HTLV-Tax with HDAC1
T Ego et al transcription factors, interacts with either HDAC1 or CBP/p300 and suggested competitive interaction mechanism similar to that mentioned above. Similarly, Gwack et al. (2001) suggested that HDAC1 and CBP bind to HHV-8 ORF50 in mutually exclusive manner and these transcriptional cofactors modulate the viral production state. Quite recently, Zhong et al. (2002) reported that the phosphorylation status of nuclear NF-kB determines its association with CBP/p300 or HDAC1. On the other hand, another model is that CBP, HDAC1 and Tax are contained in a same complex, and modulate the functions of Tax by a novel manner. In fact, a mutant Tax, K88A, which has lost its CBP-binding activity, bound to HDAC1 (Figure  3d ), suggesting that HDAC1 binds to different region on Tax. The topological relation among these proteins (CBP, HDAC and Tax) in the complex, if exist, should be clarified to elucidate the precise mechanisms of Taxmediated trans-activation and repression. Recent studies showed that the epigenetic regulation of gene expression related with interaction among HDACs, DNA methyltransferases (DNMTs) and methyl CpG-binding proteins (MBDs) (reviewed in Robertson, 2001; Rountree et al., 2001 ) is involved in carcinogenesis. This, in turn, implies that Tax may modulate the DNA methylation through an interaction with HDAC1. In fact, in the HTLV-1-infected cells derived from ATL patients, which do not express the Tax protein, the viral LTR region is highly methylated (Saggioro et al., 1991) . This hypermethylation of viral LTR is considered to be at least a cause of viral gene silencing and latent infection.
Previous studies showed that Tax down-regulates the gene expression of several cellular proteins such as cMyb, DNA polymerase beta, and p18ink4c (Jeang et al., 1990; Lemasson et al., 1997; Nichot et al., 2000; Suzuki et al, 1999) . Actually, protein expression levels of c-Myb in HTLV-1-infected cells, which express the Tax protein, are very low (Colgin and Nyborg, 1998; Nichot et al., 2000) . However, the molecular mechanisms underlying Tax-mediated transcriptional repression remain to be clarified.
In this regard, Colgin and Nyborg (1998) explained that c-Myb and Tax bound to CBP in a mutually exclusive manner and competed for utilization of CBP. However, Nichot et al. (2000) showed that this repression is independent of a direct competition between Tax and c-Myb for the recruitment of CBP/ p300. If so, Tax might recruit some transcriptional repressors such as HDACs to the promoter region and repress the c-Myb expression. (Soutoglou et al., 2000) , and/or 100 -200 ng of pcDNA3-HD1F. All transfections were equalized for the amount of total DNA by adding pcDNA3 empty vector. At 24 h p.t., luciferase assay was performed as mentioned in Figure  1 . Luciferase activity was represented as fold-induction relative to the basal level measured in cells transfected with reporter plasmid and pcDNA3 vector. The results represent the average of three independent experiments. (b) 293T cells (5610 5 cells) were transfected with 1 mg of pH 2 R-Tax and 5 mg of pcDNA3-HD1F. The total amount of DNA was equalized by adding pcDNA3 vector. Cells were harvested 48 h p.t. and lysed in lysis buffer (10 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1 mM EDTA, 0.5% NP-40, 1 mM DTT, 1 mM PMSF), and total cell lysate was pre-cleared with 30 ml of Glutathione Sepharose 4B. GSTfused CBP C/H1-KIX (Ariumi et al., 2000) bound to Glutathione Sepharose 4B was added to prepared cell lysate and incubated at 48C for 1 h with gentle shaking. After five washes with lysis buffer, bound proteins were analysed by Western blotting. The expression patterns of each protein were analysed by Western blotting
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